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Abstract 
Connected vehicle technology (CVT) is being tested at various research laboratories across the United States for its real-world 
applications. The aim is to properly know its benefits in order to make travel safe, reliable and environment-friendly. Although, 
with time, vehicles are becoming eco-friendlier and resourceful in energy consumption and utilization, majority of vehicles today 
still operate on fossil fuels and the resulting emissions are a by-product. Thus, most affordable cars and even trucks in future will 
continue to run on fossil fuels and might simultaneously be equipped with CVT features. Fossil-fuel dependent vehicles when fully 
equipped with CVT would need to accelerate or decelerate appropriately around critical junctions and locations of a network to 
avoid collisions. CVT in vehicles will be most appreciated for safety reasons at least at the roadway merge locations of the network. 
However, frequent accelerations and decelerations of the vehicles at merge points such as from ramp to freeway will also lead to 
increase in emissions and fuel consumption. This is precisely what this paper explores and investigates. A computer-based 
simulation exercise is carried out using an example of a ramp to Interstate 405 freeway merge location in Long Beach, California. 
Based on some basic but realistic assumptions for vehicular motion made in his paper, it is found that benefit from CVT in emission 
reduction is marginal for the three traffic conditions of free-flow, transitional period and rush-hour congestion. These findings will 
help engineers to prepare vehicles with a more sophisticated CVT that can provide better emission reductions and fuel savings at 
several ramp-to-freeway merge locations that exist across the city of Long Beach.   
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of organizing committee of the International Conference on Sustainable Design, Engineering 
and Construction 2015.      
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1.Introduction and Background 
Traffic congestions are quite common in urban areas. Congestion is one of the main cause for uncontrolled vehicular 
emissions consisting of carbon monoxide (CO), carbon dioxide (CO2), volatile organic compounds (VOCs) or 
hydrocarbons (HCs), nitrogen oxides (NOx), particulate matter (PM), and other pollutants associated with vehicle [1]. 
These chemical constituents from emissions is a threat for human health [2] and leading cause of environmental 
degradation [3]. High emissions, in general, are resultant from vehicular operations consisting of accelerations and 
decelerations during congestions and the levels of pollutants are relatively high with speed changes than during 
instances when speed is constant or when vehicle is cruising ([4], [5], [6], [7]). Thus, understanding acceleration or 
deceleration of vehicles is critical to emission studies in transportation. 
Emissions in southern California region of the United States has always been a concern for local and state 
authorities. Within the county of Los Angeles in southern California, Long Beach houses one of the largest and busiest 
sea ports in the nation – the Port of Long Beach. This results in Long Beach experiencing perpetually high levels of 
transportation activities with large volumes of traffic consisting of light and heavy duty vehicles around the port area. 
High vehicular emissions, therefore, tops the list of one of the problems the city of Long Beach faces. Studies have 
also shown that the county of Los Angeles in California has seen sustained high levels of PM2.5 over past few years 
[8].  The Air Resources Board (ARB), which is a leader in developing programs in reducing emissions from mobile 
sources, has acknowledged that nearly 40 percent of greenhouse gas emissions in California are attributed to vehicles 
[9]. Therefore, as one of its new approach to control smog-causing pollutants and greenhouse gas emissions, plug-in 
hybrids and zero-emission vehicles in the form of Advanced Clean Cars (ACC) are being encouraged and supported 
in California. By 2025, it is estimated that under ACC program, new automobiles will emit 34 percent fewer global 
warming gases and 75 percent fewer smog-forming emissions [10]. This might certainly bring some relief to Long 
Beach residents. It is also being anticipated that, besides hybrids and zero-emission vehicles, deployment of connected 
vehicle technology (CVT) in vehicles of both light and heavy duty types can result in improved and cleaner 
environment [15].   
Recently, the United States Department of Transportation (USDOT) has sponsored several connected vehicle 
research initiatives and pilot programs across the nation to support vehicular technologies for safety, mobility and 
environment. These three thrust areas promoted and sponsored by the USDOT under connected vehicle research 
programs “requires a robust, underlying technological platform that can provide consistent, interoperable, and safe 
operations for all users” [11]. Technologies used in CVT showed the transformative capabilities of making surface 
transportation safer, smarter and greener [12]. Technically, connected vehicles communicate amongst themselves via 
network of wireless devices and the infrastructure. The goal for CVT research is mainly to provide efficient real-time 
vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I) connectivity. Leading transportation research centers in 
the United States like California Partners for Advanced Transportation Technology (PATH) of the University of 
California, Berkeley, with respect to current advancements in CVT, are already into connected automation, adaptive 
cruise control, traffic signal controls and truck platooning studies [13]. However, the research thrust of PATH is 
mainly in the direction of improving automotive safety and highway capacity with little or no focus on emission 
control studies of CVT. This is also so because modeling and monitoring emissions with CVT equipped car is quite 
complex. In fact, from several literature reviews, it was found that the research in CVT is relatively new in terms of 
implementation of the technology itself. The pilot programs for testing the success of CV technology, on the other 
hand,  are still being performed under control environment by select cities of New York, Tampa and Wyoming [12] 
and results for success of CVT and its caveats are still awaited.  
Therefore, in order to initiate this discussion about pros and cons of CVT, at least on the theoretical front, this paper 
carries out a simple simulation exercise to estimate and make a comparison for emissions and fuel consumption 
resulting from vehicles equipped ‘with’ CVT with those ‘without’ CVT.   
In this paper, the assumed inputs needed for simulation model for dimensions and traffic speed limits resemble 
characteristics of the physical infrastructure selected from Long Beach, California - the ramp emerging from right turn 
N Bellflower Blvd and merging onto the northbound Interstate 405 (NB I-405) as seen in Fig. 1. The ramp vehicle 
trajectory is also shown in Fig. 1. For simplicity, the simulation assumes that only the ramp vehicle (if at all), is 
assumed to be completely equipped with CVT, while the freeway vehicles are not. Thus, comparison is carried out 
for emissions and fuel consumptions for freeway vehicles and the ramp vehicle during merging for two discrete events 
- when the ramp vehicle is deployed with CVT and when the ramp vehicle is not deployed with CVT. 
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Fig. 1. Study area details used for simulation 
2.Simulation Set-up 
The merging process of a ramp vehicle (RV) with the freeway vehicles is simulated in Matlab. For the sake of 
brevity, it is assumed that the information of all the headway/time gap of the vehicles on the right-most lane of the 
freeway before merge are known to the driver of the RV (which is equipped with CVT) reasonably well in advance. 
This will help the RV to accelerate or decelerate appropriately to successfully merge with the freeway vehicles by 
choosing an acceptable gap. In this paper, it is assumed that once the RV with CVT is at the beginning point of the 
straight portion of the ramp (0.25 mile upstream from the merge location, see Fig.1), it would accelerate or decelerate 
to successfully get into the gap selected. The gaps are assumed to be known for at least up to a distance of 0.5 mile 
upstream of the merge zone (see Fig. 1). In the simulation, this privilege is not provided to the RV without CVT. For 
simplification in simulation analysis, it is also assumed that all freeway vehicles are moving with uniform speed (zero 
acceleration or deceleration) before the RV merges into the right most lane of the freeway. It is further assumed that 
for the RV equipped with CVT, the closest freeway vehicles during merge do not accelerate or decelerate, unless the 
gap required for merge are below a minimum required headway value (critical gap). This assumption is logical since 
CVT should help RV exhibit its non-disturbing nature with respect to freeway vehicles during the merging process. 
Therefore, a RV without CVT, as it merges into the freeway, will cause the closest freeway vehicle upstream of it to 
decelerate. All vehicles upstream of the closest freeway vehicle will also decelerate to reduce their speed from their 
original uniform speed maintained on the freeway.  
The merging manoeuvre is analysed through simulations for two discrete scenarios in this paper - i) RV equipped 
‘with’ CVT, and ii) RV ‘without’ CVT.  
Basic kinematic equations for linear motion are considered in the simulations. The equations used are presented in 
Appendix A. Subsequent calculations for emissions are as per acceleration and deceleration values (both in miles per 
hour per sec, mph s-1) using three different traffic conditions of free-flow, transitional and congested for the right-
most lane of the freeway involved in merge. The emission and fuel consumption factors for a light duty vehicle (LDV) 
used in the simulation and are noted in Table 1. The emissions factor (in grams per mile, g mi-1) considered are only 
four HC, CO, NOX and CO2. Fuel consumptions are calculated separately as per given acceleration or deceleration 
rates. An outline of the calculations for the emissions due to RV’s merging process into the freeway has been shown 
in the flowchart of Fig. 2. 
Freeway Length  = 0.5 mile, 
Speed limit = 65 mph 
Ramp Length  = 0. 25 mile
Trajectory of the ramp vehicle  
Merge zone 
Ramp vehicle 
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In the simulation, the rush-hour congestion speed is assumed to be between 0 to 15 mph and free-flow speeds are 
assumed to be between 55 mph to 70 mph. Transitional period traffic speeds are assumed to be between upper limit 
of 15 mph for the congested condition and lower limit speed of 55 mph of the free-flow condition. Also, irrespective 
of whether the RV is equipped with or without CVT, its speed at the beginning of the straight section of the ramp is 
assumed to be 30 mph and gets almost 0.25 mile to accelerate or decelerate.  
The freeway vehicles are spatially uniformly randomly distributed along the freeway length of 0.5 mile (see Fig. 
1). The distribution follows a Poisson process for free-flow conditions ([16], [17]) and Gaussian Unitary Ensemble 
([16], [18]) for rush hour congestion. For transitional period, spatial distribution of freeway traffic is assumed to follow 
a Poisson process if the traffic speed is above 35 mph and Gaussian Unitary Ensemble is the freeway speed is below 
35 mph. The spatial distance between two vehicles is converted into time headway using the freeway speed. For rush-
hour congested traffic condition, the density of vehicles on the freeway is assumed to be at least 50 vehicles per mile 
per lane [16] and up to 80 vehicles per mile per hour. Values of densities below 50 vehicles per mile per lane are 
randomly selected as the free-flow and transitional period traffic conditions.  
To achieve a reliable estimate of the emissions, there are two hundred replications performed for each of the six 
settings from two scenarios (RV ‘with’ CVT and RV ‘without’ CVT) and three traffic conditions (free-flow, 
transitional and rush hour congested). The final average values for the emissions are noted as outputs for the 
simulations. In the flowchart of Fig. 2, numeral I indicates calculations for emissions and fuel consumption of ramp 
vehicle only while numeral II indicates calculations for emissions and fuel consumption from freeway vehicles (which 
decelerated and then had to accelerate to maintain a uniform speed). 
The RV with CVT accelerates or decelerates right at the beginning of the ramp lane to try to merge into the critical 
gap.  The RV without CVT, however, will accelerate first once it is at the beginning of the straight section of the ramp. 
This will happen due to lack of advance information about actual traffic condition (headway) on the freeway. 
However, once the RV approaches the merging point on the freeway (assumed to be 100 feet), it will accelerate or 
decelerate depending on the freeway traffic condition and speed that needs to be matched with the closest upstream 
freeway vehicle.  The vehicles on the freeway, on the other hand, if decelerate to accommodate the RV, would also 
accelerate later to catch up with their previous speed before the merging took place. The resulting accelerations and 
decelerations of the RV right from its travel point at the beginning location of the straight section of the ramp is 
multiplied by emission factor and fuel consumption from Table 1. Emissions are tracked only for vehicles that are 
within the 0.5-mile stretch of the freeway till they depart downstream the merging point.  
The critical gap for merging to occur is assumed to be 5 seconds.  Instances in simulations when the headway is 
less than the critical gap are not evaluated for emissions since no merge will occur.  This also means that situations 
when the RV is at the beginning of the straight section of the ramp and the critical gap (freeway vehicle headway) of 
5 seconds is very close at the merge point at the same very instance of time is also not considered for any emission 
calculations. This is to avoid unprecedentedly high value of acceleration during merge. Unprecedented acceleration 
situations are, however, absent for the merging of RV without CVT into the freeway.  
Table 1.  Factors for emission calculations for given acceleration and deceleration [14] 
 
Category Traffic 
conditions 
Acceleration  
(mph s-1) 
Deceleration  
(mph s-1) 
Emission factors Fuel 
consumption 
(g mi-1) 
HC 
(g mi-1) 
CO 
(g mi-1) 
NOx 
(g mi-1) 
CO2 
(g mi-1) 
Light 
Duty 
Vehicle 
Free-flow 
conditions 
0.22 - 0.20 0.13 6.59 0.33 287 97 
Transitional 
period 
0.32 -0.20 0.14 8.10 0.35 289 99 
Rush hour 
congestion 
0.39 -0.23 0.13 6.87 0.34 293 101 
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Fig. 2. Flowchart used for simulation (bold arrows characterize merging of ramp vehicle equipped with connected vehicle technology).  
 
4. Results and Discussions 
Emission values for hydrocarbon (HC), carbon monoxide (CO), nitrogen oxides (NOx), carbon dioxide (CO2) and 
fuel consumptions are shown in Fig. 3. The charts in Fig. 3 are strictly based on simulation assumptions mentioned 
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under section 3.  The emissions are recorded as the cumulative summations of two hundred replications of a ramp 
vehicle merging with the freeway traffic and thereby impacting the freeway traffic’s acceleration or deceleration 
upstream from the merge point. The results are reported in percentage change in emissions and fuel consumption as: 
[Emissions (or fuel consumption) without CVT – Emissions (or fuel consumption) with CVT] × 100/ [Emissions (or 
fuel consumption) without CVT]. 
It is observed that for HC emissions, the highest percentage reduction of 44.4% occurs when ramp vehicle is 
equipped with CVT during transitional period of traffic conditions. The percentage reduction for HC emissions during 
free-flow and rush hour traffic conditions for HC emissions are found to be 25% and 21%, respectively. There is 
negligible change in emissions for CO and CO2 and fuel consumptions for free-flow conditions whether the ramp 
vehicle is with or without CVT. CO2 emissions are further seen to be independent of whether ramp vehicle is equipped 
with or without CVT during rush hour traffic conditions. As per the simulation output chart shown in Fig. 3, for the 
traffic conditions during transitional period, HC, CO and CO2 (except for NOx) percentage change in emissions as 
well as fuel consumptions are the highest. Or in other words, looking at the percentage change in emissions and fuel 
consumption values, ramp vehicle with CVT makes only moderate to no change in emissions involving HC, CO and 
CO2 and for fuel consumption during free-flow and rush hour traffic conditions. NOx percentage change in emissions, 
on the contrary, are the highest during free-flow traffic conditions and lowest during rush hour traffic conditions.  
It is observed that emissions across all five categories (HC, CO, CO2, NOx and fuel consumption) are very close 
for two scenarios analyzed i.e. ramp vehicle ‘with’ and ‘without’ CVT. Ramp vehicle (RV) ‘with’ connected vehicle 
technology (CVT) does slightly better than RV ‘without’ CVT. However, quantitatively, the benefit from having a 
RV equipped with CVT across all categories of emissions and fuel consumptions, on an average, is only 15.1% higher 
than the RV without CVT. It must be noted that this could possibly be happening because the distance at which the 
ramp vehicle equipped with CVT assesses and selects critical gap for merging is small (just 0.25 mile away at the 
beginning of the ramp length) as well as the number of freeway vehicles assumed to be impacted are also within a 
restricted distance of only 0.5 mile of freeway length. 
5.Concluding Remarks 
Connected vehicle technology (CVT) is being seen as useful for improving mobility, environment and safety. This 
research paper looks into only environmental utility of CVT through emissions evaluation.  The simulation analyses 
carried out in this paper show that if the objective of using CVT is to improve environment through reduced vehicular 
emissions at specific ramp-to-freeway merge points (especially across cities like in Long Beach, California), vehicle 
designs should first consider traffic conditions prevailing on the mainstream freeway.  
The overall average percentage changes in emissions and fuel consumptions from CVT and without CVT might 
have been only marginal (up to 15%) in this simulation study. The low average is attributed to analyzing only localized 
number of freeway vehicles contained within a half-mile distance from the merge point with the ramp. Future 
continued research of the authors would evaluate emissions from vehicles subjected to deceleration or acceleration 
over a larger distance on the freeway, which could be critical to success of CVT during ramp-to-freeway merge 
process. Additionally, the next task of the authors is also to investigate if the benefits of CVT can be significantly 
improved if headways of freeway vehicles are known to the ramp vehicle in advance. This advance knowledge of 
headways could allow ramp vehicle with CVT to maintain a uniform speed over an appropriate distance much farther 
away before entering the ramp.   
 
 
302   Shailesh Chandra and Francisco Camal /  Procedia Engineering  145 ( 2016 )  296 – 303 
 
 
Fig. 3. Emissions for ramp vehicle (RV) ‘with’ and ‘without’ connected vehicle technology (CVT) 
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Appendix A.  
A.1. Simple kinematic equations for linear motion 
v = u + at            (A1) 
v2 = u2+2aS           (A2) 
 
where, 
v = final speed, u = initial speed, a = acceleration, t = travel time, S = distance travelled and negative acceleration is 
deceleration. 
 
Also,  
Emissions = acceleration (or deceleration) × emission factor (or fuel consumption)   (A3)  
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